 We report the results of an original investigation that examines the role of ionic and hormonal signalling in the dwarfing effect of apple rootstocks. Although the graft union was shown to alter the xylem sap ionic composition, no evidence was found that a sub-optimal supply of essential mineral ions was involved in the dwarfing response. We show that the dwarfing capacity of M.9 apple rootstock is linked with a reduced capacity for polar auxin transport, combined with the greater export of ABA compared to the semi-invigorating MM.106 rootstock.
A C C E P T E D M A N U S C R I P T transport (PAT) was also compared. Split-top pressure chambers were used to collect xylem sap samples at a range of flow rates from above and below the graft union in composite M.9 and MM.106 trees. Concentrations of hormones, anions and cations were quantified in expressed xylem sap. The effects of the graft union, flow rate and rootstock on xylem sap solute concentrations and deliveries were compared. Rootstocks of different dwarfing capacities maintained in micro-propagation were used to estimate and compare acropetal auxin transport; the velocity and intensity of PAT were determined using radiolabelled auxin.
Sap osmolality and Ca ++ concentrations were reduced by passage through the M.9 graft union at very low flow rates. At transpirational flow rates, Ca ++ and Mg ++ concentrations were increased, and those of Na + and NO3decreased, by passage through the graft union.
Deliveries of anions and cations from roots into shoots of M.9 composite trees were always similar or greater to those of MM.106 composite trees. Sap zeatin and zeatin riboside concentrations were reduced above the graft in both rootstocks. No evidence was found that
Introduction
The ways in which dwarfing apple (Malus) rootstocks impart growth control over grafted scions have not been fully elucidated (Atkinson and Else, 2001; Aloni et al., 2010 , Gregory et al., 2013 . Shoots grafted onto dwarfing rootstocks extend more slowly and shoot growth terminates earlier in the season, but internode length remains largely unchanged (Costes and Garcia-Villanueva, 2007; Seleznyova et al., 2008) . While some of the effects conveyed A C C E P T E D M A N U S C R I P T by dwarfing rootstocks, such as the transition from the vegetative to reproductive phase and early shoot termination are via genes homologous to FLOWERING LOCUS T (Foster et al., 2014) , the mechanisms that confer dwarfing remain unclear.
A number of hypotheses have been put forward to explain the 'dwarfing effect' and involve changes to hydraulic, ionic or hormonal signalling within the composite tree (rootstock and scion) (Gjamovskia and Kiprijanovskib, 2011; Gregory et al., 2013) ). Roots of dwarfing rootstocks often have a lower hydraulic conductivity (Atkinson et al., 2003; Tombesi et al., 2010 , Gregory et al., 2013 , and it has been suggested that an altered shoot water balance could underpin the dwarfing effect (Cohen and Naor 2002; Solari and DeJong, 2006; Nardini et al., 2006; Goncalves et al., 2007) . In Malus, the diametric growth of the graft union generally increases with the dwarfing potential of the rootstock and the convoluted xylem tissues within the union often run contrary to the axis of the stem (Simons, 1986; Soumelidou et al., 1994a) . Similar observations have been made in unions of dwarfing Prunus rootstocks (Olmstead et al., 2006) . It has been suggested that this distorted xylem arrangement imposes an axial resistance to water flow resulting in shoot water deficits which limit shoot growth (Warne and Raby, 1938; Beakbane, 1956; Tubbs, 1973a,b, Olien and Lasko, 1984) . However, expressing the hydraulic conductivity of the union relative to scion canopy area showed no difference between semi-invigorating (MM.106) and dwarfing (M.9) Malus rootstocks (Atkinson et al., 2003) , although M.9 root hydraulic conductivity was lower (Gregory et al., 2013) . Root system conductance was also lower in Olea dwarfing rootstocks (Nardini et al., 2006) . Swelling of the graft union with age may be a compensatory response to overcome the hydraulic limitations induced by altered xylogenesis at the union (Atkinson et al., 2003) .
The stimulatory effect of indole acetic acid (IAA) on xylem development and cambial activity in woody species is well established (Sundberg et al., 2000) and altered xylogenesis within the graft union may arise from an accumulation of scion-derived IAA) in and above the graft union due, in part, to a reduced ability of the rootstock to transport IAA to the roots (Simons, 1986) . A reduced IAA flux to a dwarfing rootstocks could also account for the A C C E P T E D M A N U S C R I P T greater phloem-to-xylem ratio observed in more dwarfing rootstocks (Beakbane, 1952) , as low concentrations of IAA preferentially induce differentiation of phloem rather than xylem (Aloni, 1995) . In addition to disrupted phloem IAA transport across the graft union, two studies of polar auxin transport (PAT) in apple rootstocks indicate that transport velocity is reduced in more dwarfing rootstocks compared to more invigorating ones (Soumelidou et al., 1994b; Kamboj et al., 1997) . Although Zhang et al. (2015) reported lower expression of MdPIN8 in inter-stems of M.9, transcript levels were not reduced in M.9 rootstock tissue compared to Fuji scion tissue. It is, however, unclear what the true flux of IAA through the PAT stream is without knowledge of both rate of transport (velocity) and the number of cells capable of polar transport (intensity).
Dwarfing rootstocks often have less extensive root systems than their more invigorating counterparts which led to the suggestion that the dwarfing effect may be imparted by sub-optimal supply of essential minerals (Jones, 1971; Lliso et al., 2004) . Neilsen and Hampson (2014) reported a correlation between leaf P and tree vigour during establishment in a field trial involving 31 dwarfing and semi-dwarfing apple [Malus sylvestris (L.) Mill var. domestica (Borkh.) Mansf.] rootstocks. However, foliar concentrations of the major nutrients are not often altered by the growth-controlling capacity of the rootstock and so the importance of ionic signalling is unclear. A role for the graft union in sequestering xylem sap minerals and other solutes has been proposed and Jones (1974) reported that sap concentrations of N, P and K in osmotically-exuded xylem sap were lowered after passage through the graft union. Furthermore, the extent of the 'filtering' correlated with the dwarfing capacity of the rootstock. Whether this sequestration operates at faster sap flows that match those of daytime transpiration rates and the possible impact on the availability to the shoot of essential mineral ions has not yet been determined.
An alternative and widely-held hypothesis is that the differential ability to synthesise, or metabolise endogenous plant hormones underpins the "dwarfing effect" (Lockard and Schneider, 1981; Jones, 1974; Soumelidou et al., 1994a, b; Atkinson and Else, 2001; Sorce et al., 2002 Sorce et al., , 2007 van Hooijdonk et al., 2011; Zhang et al., 2015) The idea that the export
of growth-promoting hormones (auxin, gibberellins, cytokinins) is lowered from dwarfing rootstocks, and/or that export of growth-inhibiting hormones (abscisic acid, ethylene) to the canopy is increased in composite trees has been tested many times, but definitive evidence for the hormonal control of scion vigour is still lacking. Often, the intensity of the putative signal may differ from extremely dwarfing and very invigorating rootstocks, but can be similar from semi-dwarfing and semi-invigorating rootstocks, despite a marked difference in tree stature (e.g. van Hooijdonk et al., 2011) . The lack of definitive evidence is due, in part, to the difficulties of extrapolating hormone concentrations measured in slowly-flowing sap to hormone deliveries into canopies of intact, transpiring, composite trees. To determine accurately the passage of signals from roots to shoots in the xylem sap, information on both the concentration and the delivery rate of putative signals is needed (Else et al., 1995) . It is also important to elucidate the role of the graft union on the intensity of root-and shootsourced hydraulic and chemical signalling (Gregory et al., 2013) .
The main aims of this paper were to (1) identify differences in the intensity of putative hormone and ionic signals in sap xylem exported at realistic transpiration rates from dwarfing (M.9) and semi-invigorating (MM.106) Malus rootstocks, (2) to determine whether the graft union modifies xylem sap composition and (3) to quantify the velocity and intensity of PAT in micro-propagated apple rootstocks of different dwarfing capacity. Our experiments with composite trees were carried out immediately prior to the cessation of shoot growth in M.9 composite trees to try to identify differences in the intensity of putative xylem-borne signals from dwarfing M.9 and semi-invigorating MM.106 rootstocks.
Materials and methods

Plant material
Three-year-old M.9 and MM.106 rootstocks in 25 L pots of compost, grafted with 'Queen Cox' scions were maintained in a glasshouse at 20/15 °C day/night temperature.
Trees were watered automatically using a drip irrigation system; RH was uncontrolled. The majority of the experiments were conducted in August, at the time when shoot growth in M.9 composite trees was slowing compared to the semi-invigorating MM.106.
Stem sections from micro-propagated plants were used to investigate the capacity for PAT in a range of rootstocks that encompassed the vigour of M.9 and MM.106: rootstocks 7.33 (dwarfing), Pi.80 (semi-invigorating) and M.7 (invigorating) were chosen since each has "Malling rootstock" as a parent. Micro-propagated shoots were maintained in vials in a growth room at 20 °C with a photoperiod of 16 h under a PAR of 100 mol m -2 s -1 from fluorescent lamps (Philips, Surrey, UK). After four weeks on proliferation medium, individual shoots were transferred to medium without GA3 or BAP, but with an increased concentration of IBA (3 mg m -3 ) to initiate rooting. After three days, plantlets were transferred to individual vials containing medium without hormones. Thirty days after the start of the root initiation protocol, 94% of shoot cultures had rooted. Twenty rootstocks of each variety were subsequently selected for uniformity of size and used as a source of experimental material.
Collection of xylem sap from composite apple trees
Water loss from whole trees was determined gravimetrically for 24 h before xylem sap collection. Xylem sap samples were then collected from above and below the graft union using specially designed split-top root pressure chambers (Else et al., 1995) . A decreasing series of pneumatic pressures was applied to the roots such that sap flow rates from the cut stem encompassed the whole-tree transpiration rates measured earlier. After each reduction in pressure, 5 min were allowed for xylem sap flows to stabilise before samples were collected on ice for 5 min, weighed and frozen in liquid nitrogen before storage at -78 °C.
The stem of the rootstock was then cut 50 mm below the graft union and the sap collection procedure repeated. Sap collection from pressurised, detopped roots was completed within 3 h. Samples of sap exuding osmotically were then collected on ice at intervals over the next 24 h from each rootstock. Total shoot leaf area and root dry weights (after careful extraction) were determined for each tree.
Hormone analysis -internal standards
A solution of internal standards, containing 100 ng l -1 of [ 2 H6]-ABA; 50 ng l -1 of [phenyl-13 C6]-IAA (Promochem Ltd., Welwyn Garden City, UK); 25 ng l -1 of [17,17 2 H2]-gibberellins A1, A3, A4, A5, A8, A9. A12, A19, A20, A29, A44 and A53 (from Prof. L.N. Mander, Australian National University, Canberra, Australia) was prepared in ethanol (EtOH). These GAs constitute the major bioactive gibberellins, their precursors and their metabolites in apple (Yamaguchi, 2008) . A solution of deuterated cytokinin standards containing 50 ng l -1 each of [ 2 H5]-zeatin (Z), [ 2 H5]-zeatin riboside (ZR), [ 2 H3]-dihydrozeatin (DHZ), [ 2 H3]-dihydrozeatin riboside (DHZR), [ 2 H6]-isopentenyladenine (IPA) and [ 2 H6]-isopentenyladenosine (IPAR) (Apex Organics ltd., Honiton, UK) was prepared in dimethyl sulphoxide (DMSO).
Quantification of xylem sap hormones
After the addition of deuterated internal standards, xylem sap hormones were extracted and purified using anion exchange (SAX) (Isolute IST Ltd, UK) and C18 'Sep-Pak' cartridges (Waters Associates, USA). Following derivatisation with ethereal diazomethane, methyl esters of ABA, IAA and GAs were quantified using an Agilent 6890 gas chromatogram equipped with a split/splitless injector coupled to an Agilent 5973 mass selective detector (MSD). Following the addition of trimethylphenylammonium hydroxide in methanol (TMAH) (Supelco USA), permethyleated cytokinins were produced in the injector of the GC-MS by heating to 305 C. Concentrations of ABA, IAA, GAs and cytokinins were computed from calibration curves relating molar ratios of the endogenous compound and its deuterated analogue to ion intensities of their respective molecular ions. 
Mineral analyses and osmolality
Polar auxin transport assay
The intensity and velocity of PAT through micro-propagated rootstock stem tissues were determined according to Else et al., (2004) . Briefly, 0. Velocities were averaged within each rootstock.
Statistical analyses
Typically, cation and anion delivery was proportional to flow rate on a log/log plot, implying a power law relationship (Fig. 1) . The three data points used for subsequent comparative analysis between rootstocks were obtained from each data set (analysis from a single tree replicate) at low, median and high flow rates, substituting log standardised flow rates into the associated regression equation (Fig. 1) . The standardised flow rates were the median flow rate for the whole study, the 25 th percentile, and the 75 th percentile flow rates; these were 40, 18, and 71 mm 3 s -1 respectively. These sap flow rates correspond to transpiration flows which would occur at the beginning and end of the photoperiod [low], over most of the photoperiod when stomata are fully open [median] and at the maximal middayearly pm transpiration rates (high) (see transpiration rate data in Fig. 2 ). The data were then analysed using a mixed effects model (Bates et al., 2015) allowing for the three repeated measures from each tree replicate. Means and standard errors were extracted from this model, which had rootstock and flow rate as fixed effects, and replicate as a random effect.
Statistical inference was conservative, using the relevant number of true replicates (trees) to work out the residual degrees of freedom.
The relationship between [ABA] and sap flow rate was modelled by fitting an exponential decay function of the form:
where a is the asymptotic concentration at high flow rates, and m is the downwards slope at low flow rates. Curves were fitted to each replicate using a non-linear least squares method (R package: Bates and Watts, 1988) . Average values for these parameters were calculated from all the combined replicates and presented as the mean [ABA] (± SE) for flow values in 10 (units) bins. Analysis of variance was also used to determine relationships between sap
[ABA] and delivery rates above and below the graft union. For this comparative analysis, the range of xylem sap flow rates were averaged over the three flow categories.
ABA data are means from six replicate composite trees of each rootstock.
Results
Effects of the graft union and flow rates on xylem sap solute concentrations
Despite rootstock differences in transpiration flow rate ( Fig. 2 ) and leaf transpiration rates per unit area of canopy, the graft union did not impose an axial resistance to sap flow as reported in Gregory et al., (2013) . However, xylem sap composition was altered by passage through the M.9 graft union at all flow rates tested. The osmolality of sap collected at the lowest flow rate (~5 mm 3 s -1 ) was significantly reduced above the graft union in M.9, but not in MM.106 rootstocks ( Fig. 3 ). However, sap osmolality was not altered by passage through the graft union when sap flowed at rates that encompassed daytime transpiration rates in composite trees with either rootstock (Fig. 3) . At the lowest flow rate, [Ca ++ ] was also higher in sap collected below the M.9 graft union than above it (see inset in Fig. 3 ), implying sequestration of Ca ++ in slowly flowing sap by the tissues in the graft union of M.9 composite trees.
Analysis of xylem constituents in sap flowing at low (18 mm 3 s -1 ), median (40 mm 3 s -1 ) and high (71 mm 3 s -1 ) rates showed highly significant effects of the graft union, sap flow rate and rootstock on the ionic composition of the expressed xylem sap (Table 1 ). In M.9 composite trees, [Ca ++ ] and [Mg ++ ] were significantly higher in sap collected at all flow rates above the graft union than below it, while [Na + ] were significantly reduced above the graft union (Table 1) [NO3 -] were influenced by flow rate but not by passage through the graft union (Table 1 ). Sap concentrations of K + and C4H4O5 --] were higher above the MM.106 graft union, whilst sap concentration of [SO4 --] was lowered by passage through the graft union (Table 1) .
Concentrations of ABA were measured in xylem sap collected over a range of flow rates and showed significant differences with respect to flow (p <0.0001), the graft union (p ≤0.014) and the rootstock (p≤0.002). The asymptote of the relationship between [ABA] and flow rate in M.9 composite trees was significantly higher than that for MM.106 composite trees ( Fig. 4 , Table 2 ) and indicates that sap [ABA] was greater above the graft union in M.9 composite trees, compared to MM.106 composite trees.
Concentrations of IAA in xylem sap from both rootstocks were very low and could not be quantified reliably in many samples, although the [phenyl-13 C6]-IAA internal standard was always recovered. Where quantification was possible, [IAA] in sap collected from the same point were averaged within rootstocks, irrespective of the xylem sap flow rates at which they were collected (Table 3) . These limited quantifications indicate that xylem [IAA] were apparently lower in sap collected above the graft union in M.9 composite trees, compared to values in sap below the graft union, but the results were not significantly different due to high sample variability. There was no significant effect of the graft union on sap [IAA] in MM.106 composite trees, although values were higher in sap collected above the graft union (Table   3 ).
Concentrations of GAs in all of the xylem sap samples collected from both M.9 and MM.106 composite trees were too low to quantify accurately (detection limit = 10 pg) even after bulking samples to increase the amount of GAs present; again deuterated internal standards were always recovered. Xylem concentrations of Z and ZR were similar in sap collected above the graft union from M.9 and MM.106 composite trees (Table 4 ). However,
[Z] and [ZR] were significantly higher in sap collected from below the graft union in both rootstocks (Table 4 ).
Effect of the graft union on xylem sap ion delivery
Solute deliveries were calculated by multiplying sap concentrations by sap flow rates.
The delivery of all ions in both rootstocks was significantly influenced by sap flow rate, with faster flows resulting in greater ion deliveries; this result was expected given the less-than-
proportional dilution of xylem sap solutes with increasing flow (Figs 3 & 4) . In M.9, deliveries of Ca ++ , Mg ++ , Na + , K + , C4H4O5 -and PO4were significantly higher above the graft union, delivery of NO3was significantly lower above the graft union, while that of SO4was unaffected by passage through the graft union. In MM.106, deliveries of Na + , K + and C4H4O5 -were significantly higher above the graft union, delivery of NO3was significantly lower above the graft union, and Ca ++ , Mg ++ and SO4deliveries were similar above and below the graft union (Table 5 ).
Hormone delivery from M.9 and MM.106 rootstocks
In M.9 and MM.106 composite trees, [ABA] were dependent on sap flow rates ( Fig. 4) and so hormone delivery rates (sap concentration x flow rate) were calculated to enable meaningful comparisons of ABA output from M.9 and MM.106 rootstocks (Fig. 5 ). Using a combined ANOVA derived from both rootstocks and all flows and positions, the Tukey comparisons based on rootstocks above and below the graft union, but within each flow rate, show that at low flow, ABA delivery below the graft union from M.9 was significantly higher than all other comparisons at low flow. At median flows ABA delivery above the graft union in MM.106 was significantly lower than all other comparisons. At high flow rates there were no differences in ABA delivery rate.
Accounting for the effects of different root masses and leaf areas on xylem sap solute delivery into 'Queen Cox' scions from M.9 and MM.106 rootstocks
The root masses and leaf areas of composite M.9 trees were significantly smaller than those of composite MM.106 trees (Table 6 ). To account for these differences, the deliveries of ions and hormones from M.9 and MM.106 rootstocks into 'Queen Cox' scions were expressed in terms of nmol of substance delivered per unit dry weight of root or per unit area of shoot per unit time. These 'root' and 'shoot' specific deliveries were used to determine whether the intensity of putative signals differed between M.9 and MM.106 rootstocks.
These specific deliveries were compared at the three different flow rates between rootstocks
and p values for sap flow rate, rootstock and rate x rootstock interaction are given in Table 7 . Export of Ca ++ was significantly higher from M.9 than MM.106 rootstocks, and the corresponding import of Ca ++ into the shoots was again significantly higher in M.9 composite trees ( Table 7) . Export of Mg ++ was significantly higher from M.9 rootstocks, but the higher import into M.9 scions was just short of statistical significance. Export of NO3was significantly higher from M.9 rootstocks and import into scions significantly greater than in MM.106 composite trees, while the export of PO4 -was greater from M.9 rootstocks but import into scions was similar, irrespective of rootstock. Similar patterns were seen with K + and with Na + (Table 7) . Root-and shoot-specific deliveries of malate -and SO4 -were similar, irrespective of rootstock (Table 7) .
The root-specific delivery of ABA was significantly greater from M.9 rootstocks than from MM.106 rootstocks at low, median and high flow rates (Table 8) . Within each rootstock, root-specific deliveries of ABA increased significantly at higher sap flow rates. Shoot-specific deliveries into grafted scions were significantly higher in M.9 composite trees, compared to MM.106 composite trees (Table 8) , and also increased significantly as sap flow rate increased. 7.33, Pi.80 and M.7, rootstocks Polar auxin transport intensities and velocities were greatest in the most invigorating rootstock, M.7 (Table 9 ). Transport intensities were lowest in the most dwarfing rootstock, 7.33, while transport velocities were similar in 7.33 and Pi.80 (Table 9 ). Transport intensities were reduced in all rootstocks after treatment with 100 mmol m -3 TIBA, but to different extents with 7.33 declining by 25%, Pi.80 by 58% and M.7 by 87%. Transport velocities were only marginally altered after treatment with TIBA (Table 9 ).
Transport intensity and velocity in stems of
Discussion
The ways in which dwarfing rootstocks impart their control over grafted scions are complex and result from the cumulative and interactive effects of numerous different
processes operating simultaneously. Our results suggest that these include a 'filtering effect' of the graft union at very low flow rates, augmentation of xylem sap constituents by passage through the union at faster flows, and an altered synthesis or metabolism of key rootstocksourced hormone signals. Complementary experimental evidence using micro-propagated rootstocks with dwarfing capacities similar to those of M.9 and MM.106 suggests that altered auxin transport is also likely to be involved, with dwarfing rootstocks having a reduced capacity for PAT.
The simple hypothesis that export or synthesis of growth-promoting hormones such as GAs and CKs are reduced from dwarfing rootstocks has lacked supporting experimental data, especially in more recent work where GC-MS has enabled the unequivocal identification of hormones and their precursors (e.g. van Hooijdonk et al., 2011 , but see Zhang et al., 2015 . Much previous work has relied on interpretations of hormone concentrations in xylem sap exuding osmotically from detopped trees (e.g. Kamboj et al., 1999; Sorce et al., 2002) , but this approach may mislead. Our work shows that solute concentration in sap flowing under osmotic forces collected below the graft union from detopped rootstocks was high compared to that of expressed sap. Presumably, these effects were due to a combination of very low flow rates and the influence of an increasing shortage of respirable carbohydrates over a lengthy collection period (Else et al., 1995; Schurr and Schulze, 1995) . Furthermore, elimination of PAT has been shown to alter rootsourced cytokinin export (Bangerth, 1994) and so interpretation of solute concentrations in osmotically-flowing sap is problematic. The concentrating effect of slow flowing sap was also seen in expressed sap flowing at rates below 20 mm 3 s -1 (night time transpiration rates) but at faster flows, solute concentrations remain relatively constant (see Figs. 3 & 4) . The negligible effect of faster flows on sap solute concentrations was also reported in work with large conifers where concentrations of xylem sap components were unrelated to diurnal changes in transpirational flow rates (Osonubi et al., 1988) . Clearly, it is important to quantify signal intensity at a range of flows that encompass whole-tree transpiration rates.
The impact of the graft union on xylem sap osmolality also varied with sap flow rate. In M.9 composite trees, xylem sap osmolality was significantly lowered by passage through the graft union at very low flow rates (~5 mm 3 s -1 ), but no further effects were seen at low, median or higher flow rates. Similar results were found with xylem sap [Ca ++ ]. The graft union in MM.106 did not affect the total osmolality of the xylem sap at the range of flow rates tested. However, our analyses show that the concentration and delivery of individual xylem sap constituents was altered markedly by flow rate, the graft union and the rootstock.
In M.9, xylem [NO3 -], [Z] and [ZR] were reduced by passage through the graft union, as was [Na + ]. These findings agree in part with the work of Jones (1971, 1974) who showed that xylem sap [solute] , [N], [P] and [K] were depleted after passage through the graft union of M.9 composite trees. In these earlier studies, sap exuding under osmotic forces was used and flow rates of such sap would presumably have been less than 1% of the whole tree transpiration rates (see Figs. 2 & 3) . Our work suggests that, for certain solutes (e.g. Ca ++ ), this "filtering effect" of the graft union was only manifested at very low flow rates (~5 mm 3 s -1 ), while sap [Ca ++ ] was augmented by passage through the M.9 graft union at flows encompassing whole-plant transpiration rates. Our data suggest that the source of this Ca may be that sequestered at very low flows; this idea is supported by reports that Ca accumulated in the graft union of several rootstock/scion combinations (Simons, 1986) . The mechanistic basis of this flow-rate dependent switch between sequestration and augmentation in the tissues of the graft union is, at present, unclear, but may result from the flow-rate dependent movement of xylem sap through the apoplastic and symplastic pathways (Steudle, 2000) . The flow-rate dependent cumulative removal or augmentation of physiologically important solutes such as Ca ++ and NO3by the graft union over the life of the tree could conceivably alter scion growth and development and even post-harvest fruit quality, but in our work, specific deliveries of essential ions was similar or higher in M.9 composite trees, compared to MM.106 composite trees, and not lower (see below).
When comparing putative signal intensities between rootstocks, a meaningful expression of solute delivery in xylem sap has to be one that takes account of differences in root mass and canopy area into which the dissolved solute is dispersed. These Having accounted for these inherent differences, the root-specific delivery rates of Ca ++ , Mg ++ , NO3 -, PO4 --, K + and Na + were greater from M.9 than from MM.106 rootstocks (Table 7) . These data imply that the ability of the M.9 root system to acquire and export essential nutrients does not influence the termination of scion growth. Although we have shown that xylem sap ionic composition was altered via sequestration and augmentation as it passes through the graft union, the intensity of xylem-borne ions passing into the shoots of M.9 composite trees was similar or greater than in MM.106 composite trees (Table 7) , and so we conclude that the graft union is not a major contributor to the dwarfing effect. A threelocus model for apple rootstock-induced dwarfing proposed by Harrison et al. (2016) , in which 84% of the variance in dwarfing response could be accounted for by primary rootstock traits, also supports this view.
A differential capacity to synthesise or metabolise key hormones with subsequent effects on the intensity of xylem-borne signaling is likely to underpin the dwarfing response (e.g. Sorce et al., 2007; van Hooijdonk et al., 2011) but definitive evidence is lacking due largely to technical challenges associated with accurately sampling xylem sap, particularly so in woody plants. In this study, we have accounted for the potentially confounding effects of flow rate on xylem sap constituents and have generated novel data on the intensity of key putative hormone signals. Since sap flow rates were not affected by the graft union, the concentration of xylem sap constituents at low, median or high flows could be used to assess accurately the filtering effect implicated in the dwarfing mechanism. Statistical analysis of our limited [IAA] data shows no significant effect of the graft union at the time of sampling in either rootstock, but the trend is for depletion of xylem-borne IAA by passage through the graft union in M.9. In support of this, Simons (1986) suggested that the tissue within the union of M.9 trees accumulated scion-derived IAA (and see below).
Concentrations of Z and ZR were also similar above the graft union in M.9 and MM.106 composite trees (see also van Hooijdonk et al., 2011) but were much higher below the graft A C C E P T E D M A N U S C R I P T union in both rootstocks. Concentrations of key CKs and their precursors were actually highest in sap flowing from branch stubs in the canopy of scions grafted on to M.9 (Else, unpublished data) and overall, no evidence was found to suggest that the dwarfing capacity of M.9 rootstocks could be attributed to a reduced supply of CKs from the rootstock to the scion (but see Zhang et al., 2015) . Concentrations of the major bioactive GAs and their precursors and metabolites were below the limits of detection (10 pg). In earlier work, levels of GA were shown to differ in ungrafted rootstocks (Yadava and Lockard, 1977) 2008) is also unlikely given that DELLA homologues in apple are located on linkage groups different from those known to confer dwarfing (Gregory et al., 2013; Fazio et al., 2014) .
The export of ABA from the roots and into the scion was significantly higher in M.9 composite trees than in MM.106 composite trees at each of the three flow rates tested, once the effects of leaf area and root mass were taken into account. The higher delivery of ABA into the canopy of M.9 composite trees ( Figure 5 , Table 2 ) compared to that in MM106 composite trees presumably triggered the onset of stomatal closure earlier in the M.9 composite trees and the resultant slowing of transpiration rates in the afternoon and evening ( Fig. 2B ). Corresponding measurements of leaf stomatal conductance confirmed that stomata were open for longer each day in MM.106 composite trees (data not shown).
Our finding that ABA export was greater from M.9 rootstocks is supported by previous work that showed [ABA] to be higher in the tissues of the more dwarfing rootstocks (Kamboj et al., 1999) . ABA is generally considered to be a potent growth inhibitor (but see Sharp et al., 2000) and the temporal correlation between the greater delivery of xylem-borne ABA into the canopy of composite M.9 trees when shoot extension had ceased would support further work to try to establish causality. ABA has been shown to limit extension growth by supressing the accumulation of GA1 (Benschop et al., 2005) 
ABA and scion-derived GAs interact to regulate shoot extension in grafted scions is not known. Repeated measurements of xylem sap constituents over the entire growing season (van Hooijdonk et al., 2011) using an untargeted metabolomics approach would yield valuable information on altered signalling from dwarfing rootstocks. This approach is likely to be more fruitful than measuring tissue concentrations of key hormones since these do not often correlate with measured differences in vigour (see Pearce et al., 2004) .
In addition to rootstock-derived signals, a disruption to PAT has also been implicated in the dwarfing response. In support of this, van Hooijdonk et al., (2010) reported that when N-1-naphthylphthalamic acid (NPA), an auxin transport inhibitor, was applied to the stem of invigorating rootstocks, total shoot growth of the scion was decreased and the resulting architectural changes most closely resembled those imposed by M.9. Zhang and co-authors (2015) suggested that low expression of PIN gene family members was involved in triggering the dwarfing effect of M.9 interstems but not of M.9 rootstocks. In our work, PAT velocity was reduced in more dwarfing apple rootstocks compared to more invigorating ones, in agreement with reports by Soumelidou et al. (1994a) . However, only simultaneous measurements of PAT velocity and intensity can provide information on the capacity of the PAT, the parameter most likely to impact on the physiological processes that regulate the dwarfing response. Our results from micro-propagated rootstock stem sections indicate that PAT is likely to be an important component of dwarfing since PAT intensity correlated with dwarfing capability. TIBA reduced PAT I transport capacities to different extents in the three rootstocks; the intensity of PAT in Pi.80 rootstocks was less affected by TIBA compared to the other two rootstocks. The reasons for these differences are not known but could include the number of cells capable of polar transport, the activity, turnover or membrane trafficking of the efflux carriers (Geldner et al., 2001) , or the concentrations of, or sensitivity to, naturally-occurring polar transport inhibitors. Disruption of PAT may also contribute to the effects of grafted bark tissue on scion vigour, an effect attributed solely to the interruption of phloem-transported IAA by Lockard and Schneider (1981) . Auxin moving through the PATS may be more important than phloem-borne IAA since the diffusion of IAA from the primary Table 1 . The effect of the graft union on concentrations of cations and anions in xylem sap expressed from composite trees of M.9 (dwarfing) and MM.106 (semi-invigorating) Malus rootstocks grafted with Queen Cox scions at three different flow rates. Ion concentrations were quantified in xylem sap collected below the graft union (BGU) and above the graft union (AGU). The three data points used for comparative analysis between sampling positions and between rootstocks were obtained from each data set (analysis from a single tree replicate) at low, median and high flow rates, substituting log standardised flow rates into individual regression equations. P values of statistical significance of ion concentration with flow rates and difference between above and below the graft union are given, NS = not significant. Note: the exponential decay curve parameters derived from [ABA] = a + m.e -(flow/a) where a is the asymptotic concentration (xx yy) at high flow rates, and m is the downwards slope at low flow rates. *Difference statistically significant (p = 0.019, t=2.9, d.f. = 9). Table 5 . The effect of the graft union on deliveries of cations and anions in xylem sap expressed from composite trees of M.9 (dwarfing) and MM.106 (semi-invigorating) Malus rootstocks grafted with Queen Cox scions at three different flow rates. Ion delivery rates below the graft union (BGU) and above the graft union (AGU-) were calculated by multiplying concentrations by sap flow rates. The three data points used for comparative analysis between sampling positions and between rootstocks were obtained from each data set (analysis from a single tree replicate) at low, median and high flow rates, substituting log standardised flow rates into individual regression equations. P values of statistical significance of ion delivery with flow rates and difference between above and below the graft union are given, NS = not significant. 
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